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SUMMARY 

The friction and wear of monolithic and fiber reinforced Si-ceramics slid- 
ing against the nickel base alloy IN-718 at 25 to 800 "C was measured. 

The monolithic materials tested were silicon carbide (Sic), fused silica 
(SiOz), syalon, silicon nitride (Si3N4) with W and Mg additives and Si3N4 with 
Y2O3 additive. At 25 "C fused silica had the lowest friction while Si3N4 

cu (W,Mg type) had the lowest wear (2.2~10-6 mm3/N-m). This wear is considered to 
d- 0) be in the moderate to low range. At 800 "C syalon had the lowest friction 
m I while Si3N4 (W,Mg type) and syalon the lowest wear (5x10-8 and 5.1~10-8 mm3/N-m 
w respectively). This is considered to be very low wear. The SiC/IN-718 couple 

had the lowest total wear (ceramic rub block wear + alloy disk wear) at 25 "C. 
At 800 "C the fused silica/IN-718 couple exhibited the least total wear. 

SIC fiber reiforced reaction bonded silicon nitride (RBSN) composite mate- 
rial with a porosity of 32 percent and a fiber content of 23 vol % had a lower 
coefficient of friction and wear when sliding parallel to the fiber direction 
than in the perpendicular at 25 "C. 

The coefficient of friction for the carbon fiber reinforced borosilicate 
composite was 0.18 at 25 "C. This is the lowest of all the couples tested. 
Wear of this material was about two decades smaller than that of the mono- 
lithic fused silica. This illustrates the large improvement in tribological 
properties which can be achieved in ceramic materials by fiber reinforcement. 
The reason for this large improvement is the increased fracture toughness pro- 
duced by the fibers. 

At higher temperatures (550 to 800 "C) the oxidation products formed on 
the IN-718 alloy are transferred to the ceramic by sliding action and forms a 
thin, solid lubricant layer which decreases friction and wear for both the 
monolithic and fiber reinforced composites. 

INTRODUCTION 

Silicon-ceramics and other ceramic materials are currently receiving much 
attention for use in high temperature areas of heat engines and other energy 
conversion systems (ref. 1). These materials are candidates for cylinder lin- 
ers, piston caps, and other uses. In some applications, sliding or rubbing 



c o n t a c t  w i t h  themselves or o t h e r  m a t e r i a l s ,  such as m e t a l  a l l o y s ,  can be 
expected.  

S i l i c o n - c e r a m i c s  a r e  here  d e f i n e d  as m o n o l i t h i c  or f i b e r  r e i n f o r c e d  mate- 
The r i a l s  o f  Si3N4, s y a l o n  ( S i , Y , A l , O , N ) ,  Sic, and f u s e d  s i l i c a  (SiO2) g l a s s .  

a d d i t i o n  o f  r e i n f o r c i n g  f i b e r s ,  such as S I C  and carbon,  t o  ceramic  m a t e r i a l s  
i n c r e a s e s  t h e i r  f r a c t u r e  toughness ( r e f s .  2 t o  6)  wh ich  improves t h e  wear 
r e s i s t a n c e  ( r e f s .  7 and 8)  o f  b r i t t l e  m a t e r i a l s  and decreases t h e  c o e f f i c i e n t  
o f  f r i c t i o n  ( r e f .  9 )  i f  t h e  p o r o s i t i e s  and g r a i n  s i z e  a r e  comparable.  

The purpose o f  t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  measure t h e  f r i c t i o n  and 
wear o f  m o n o l i t h i c  and o f  S I C  and carbon f i b e r  r e i n f o r c e d  S i -ceramics  i n  u n l u -  
b r i c a t e d  s l i d i n g  c o n t a c t  w i t h  t h e  n i c k e l  base a l l o y  IN-718 a t  25 to  800 "C i n  
a tomospher ic  a i r .  
0.18 m/sec was used f o r  m o n o l i t h i c  Sic and 0.5 m/sec f o r  t h e  o t h e r  m a t e r i a l s .  
A doub le  r u b  b l o c k  t e s t  machine w i t h  l i n e  c o n t a c t  o f  t h e  s t a t i c  S i -ceramic  
b l o c k s  a g a i n s t  t h e  c i r c u m f e r e n t i a l  s u r f a c e  o f  a r o t a t i n g  IN-718 d i s k  was used. 
F r i c t i o n  and wear w e r e  r e c o r d e d ,  and t h e  s l i d i n g  s u r f a c e s  were examined by  SEM 
(Scanning E l e c t r o n  Mic roscope)  and EDX (Energy  D i s p e r s i v e  X- rays) .  

A l o a d  o f  6.8 k g  (67 N )  and a l i n e a r  s l i d i n g  v e l o c i t y  o f  

EXPERIMENTAL 

Measurements and T e s t  Appara tus  

A doub le  r u b  b l o c k - l i n e  c o n t a c t  wear and f r i c t i o n  a p p a r a t u s  was used f o r  

Two r u b  b l o c k s  a r e  pressed a g a i n s t  t h e  r o t a t i n g  d i s k  by  p r e s s u r i z i n g  t h e  
a l l  t e s t s .  F i g u r e  l ( a >  i s  a photograph o f  t h e  l o a d i n g  and r u b  b l o c k  s u p p o r t  
j i g .  
b e l l o w s ,  and t h e  f r i c t i o n a l  t o r q u e  i s  t r a n s m i t t e d  v i a  t h e  t o r q u e  arm t o  a meas- 
u r i n g  and s u p p o r t  system. 
w i t h  t h e  d i s k .  
s e l f - a l i g n i n g  b l o c k  h o l d e r s .  The d i s k  i s  3.492 cm d i a m e t e r  and 1.28 cm t h i c k ,  
and t h e  r u b  b l o c k s  a r e  2.22 cm l o n g  by  0.63 c m  wide and 1.11 cm deep. The S ic  
f i b e r  re in forced-RBSN ( R e a c t i o n  Bonded S i l i c o n  N i t r i d e )  m a t e r i a l  was o n l y  
0 .2  cm wide so t h r e e  p i e c e s  and s e v e r a l  p l a t i n u m  shims had t o  be used f o r  each 
b l o c k .  The t o r q u e  system i s  dead w e i g h t  c a l i b r a t e d .  A schemat ic  d i a g r a m  o f  
t h e  i n d u c t i o n  h e a t i n g  c o i l  and s leeves  used t o  b r i n g  t h e  d i s k  t o  t h e  t e s t  tem- 
p e r a t u r e  i s  p r e s e n t e d  i n  f i g u r e  l ( b > .  
measured by  an o p t i c a l  pyrometer .  

The b l o c k s  a r e  i n i t i a l l y  i n  nominal  l i n e  c o n t a c t  
U n i f o r m  l o a d i n g  a l o n g  t h i s  l i n e  i s  m a i n t a i n e d  by  t h e  p i v o t e d ,  

The t e m p e r a t u r e  o f  t h e  d i s k  s u r f a c e  i s  

A l l  d e t e r m i n a t i o n s  a r e  made i n  a tmospher ic  a i r  a t  ambien t  p r e s s u r e  w i t h  a 

The s l i d i n g  v e l o c i t y  i s  0 .18 m/sec f o r  t h e  m o n o l i t h i c  Sic t e s t ,  b u t  
r e l a t i v e  h u m i d i t y  o f  45 t o  60 p e r c e n t .  
(67 N ) .  
0 .5  m / s e c  f o r  a l l  t h e  o t h e r  m a t e r i a l s .  A l l  t e s t s  were r u n  for  60 min .  

Each r u b  b l o c k  i s  loaded t o  6.8 k g  

A d e t e r m i n a t i o n  i n v o l v e d  t h e  f o l l o w i n g :  The s l i d i n g  sur face  o f  t h e  IN-718 
d i s k  i s  p o l i s h e d  f irst w i t h  a d r y  f e l t  c l o t h  and l e v i g a t e d  a l u m i n a  t h e n  r i n s e d  
w i t h  d i s t i l l e d  w a t e r .  Next  i t  i s  p o l i s h e d  a g a i n  w i t h  a w a t e r  wet c l o t h  and 
l e v i g a t e d  a l u m i n a  t h e n  r i n s e d  w i t h  d i s t i l l e d  water  and rubbed w i t h  a c l e a n  
f e l t  c l o t h  and f i n a l l y  r i n s e d  w i t h  water  f o l l o w e d  by  e t h a n o l  and d r i e d .  The 
r u b  b l c o k s  a r e  used as r e c e i v e d  w i t h  o n l y  an e t h a n o l  r i n s e  t o  remove s u r f a c e  
f i l m s .  The a r i t h m e t i c  mean s u r f a c e  roughness (Ra) o f  b o t h  b l o c k s  and t h e  d i s k  
was measured. A f t e r  assembly o f  t h e  t e s t  appara tus  t h e  l i n e a r  s l i d i n g  v e l o c i t y  
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i s  s e t  b u t  t h e  r u b  b l o c k s  a r e  n o t  loaded.  The i n d u c t i o n  g e n e r a t o r  i s  t u r n e d  
on  and t h e  d i s k  s u r f a c e  i s  heated  o v e r  a 15 min  p e r i o d  t o  t h e  t e s t  tempera- 
t u r e .  Both  b l o c k s  a r e  now pressed a g a i n s t  t h e  r e v o l v i n g  d i s k  by  p r e s s u r i z i n g  
t h e  b e l l o w s  and t h e  f r i c t i o n  f o r c e  i s  r e c o r d e d  o v e r  a p e r i o d  o f  60 min .  A t  
t h e  end o f  t h i s  t i m e  t h e  b l o c k s  a r e  unloaded,  t h e  i n d u c t i o n  g e n e r a t o r  i s  s h u t  
o f f ,  and a f t e r  c o o l i n g  t o  room t e m p e r a t u r e  t h e  b l o c k s  and d i s k  a r e  removed and 
t h e  wear d e b r i s  c o l l e c t e d  and s t o r e d .  

A f t e r  t e s t ,  measurements a r e  made on t h e  b l o c k s  and d i s k  f o r  t h e  purpose 
o f  d e t e r m i n i n g  t h e  wear volumes. 
f o u r  l o c a t i o n s  on t h e  wear t r a c k  o f  t h e  d i s k .  I n  a s i m i l a r  way t h r e e  t r a c e s  
a r e  made o f  t h e  wear s c a r  o f  each r u b  b l o c k ,  one a t  each end and a t  t h e  c e n t e r  
o f  t h e  s c a r .  Squares a r e  counted  on  t h e  p r o f i l o m e t e r  t r a c e s  t o  g e t  t h e  a r e a  
and then m u l t i p l i e d  b y  t h e  l e n g t h  t o  o b t a i n  t h e  wear volume. Then t h e  average 
wear volume was c a l c u l a t e d .  

Traverse  p r o f i l o m e t e r  t r a c e s  a r e  t a k e n  a t  

Wear f a c t o r ,  K ,  was c a l c u l a t e d  from t h e  average p r o f i l o m e t e r  de termined 
wear volumes by:  

K = Wear v o l u m e ( m m ~ ~ / l o a d ( N > / s l  i d i n g  d i s t a n c e ( m >  

T h i s  v a l u e  i s  t h e  average wear f a c t o r  o v e r  t h e  t e s t  d u r a t i o n  

Energy d i s p e r s i v e  x - ray  ( E D X )  a n a l y s i s  was u t i l i z e d  t o  d e t e r m i n e  t h e  chem- 
i c a l  e lement  d i s t r i b u t i o n s  i n  s t a r t i n g  m a t e r i a l s  and t r a n s f e r r e d  e lements i n  
s l i d i n g  c o n t a c t  a reas .  T h i s  a n a l y s i s  i n v o l v e s  mount ing  t h e  specimen i n  a scan- 
n i n g  e l e c t r o n  mic roscope (SEM) t o  which an x- ray d e t e c t o r  and a n a l y z e r  system 
a r e  a t t a c h e d .  An energy  d i s p e r s i v e  s p e c t r a  q u a l i t a t i v e l y  i d e n t i f i e s  t h e  chemi- 
c a l  e lements p r e s e n t .  T h i s  s p e c t r a  i s  t h e n  q u a n t i f i e d  w i t h  b u i l t - i n  c o r r e c -  
t i o n s  f o r  a t o m i c  number, a t o m i c  a b s o r p t i o n ,  and f l u o r e s e n c e ,  ( t h e  s o - c a l l e d  
ZAF c o r r e c t i o n s )  u s i n g  a no-s tandard  program. T h i s  program reduces  t h e  spec- 
t r a l  l i n e  i n t e n s i t i e s  t o  a n u m e r i c a l  v a l u e  r e p r e s e n t i v e  o f  e lement  c o n t e n t .  
I f  t h e  s p e c t r a l  c o l l e c t i o n  process  i s  k e p t  c o n s t a n t  t h e n  a r e l a t i v e  e lement  
c o n t e n t  can be de termined.  That  i s ,  t h e  e lement  c o n t e n t  of one a r e a  can be 
compared t o  t h a t  o f  a n o t h e r  a r e a  on  t h e  same specimen or l i k e  specimens. These 
r e s u l t s  must n o t  be c o n s t r u e d  as b e i n g  as a c c u r a t e  as when s t a n d a r d s  a r e  used 
b u t  g i v e  a good s e m i - q u a n t i t a t i v e  e lementa l  a n a l y s e s .  For example, t h e  use o f  
t h i s  method on  a sample o f  as r e c e i v e d  IN-718 a l l o y  gave r e s u l t s  w i t h i n  1 p e r -  
c e n t  o f  t h e  nominal  c o n t e n t  f o r  each o f  t h e  e lements p r e s e n t .  

One o f  two modes was used t o  c o l l e c t  s p e c t r a ,  a s p o t  and an area .  I n  t h e  
s p o t  mode t h e  specimen i s  s t a t i o n a r y  and a smal l  e l e c t r o n  beam s p o t  i s  moved 
from f e a t u r e  t o  f e a t u r e  o f  i n t e r e s t .  I n  t h e  a r e a  mode t h e  m a g n i f i c a t i o n  i s  
a d j u s t e d  so as t o  c o v e r  an a r e a  o f  i n t e r e s t  and t h e  specimen i s  moved from 
a r e a  t o  a r e a .  Both  t h e  s p o t  and a r e a  modes were used t o  examine t h e  s t a r t i n g  
m a t e r i a l s .  The s p o t  mode was used for smal l  i n c l u s i o n s  and t h e  a r e a  mode a t  
r e l a t i v e l y  low m a g n i f i c a t i o n  t o  de termine t h e  average e lement  c o n t e n t .  The 
l a t t e r  method was a l s o  used t o  determine t h e  average e l e m e n t a l  c o n t e n t  o f  mate- 
r i a l  t r a n s f e r r e d  i n  wear r e g i o n s .  I n  a l l  uses i t  i s  e s s e n t i a l  t o  m a i n t a i n  t h e  
SEM parameters c o n s t a n t  and t o  c a l i b r a t e  t h e  EDX a n a l y z e r  and d e t e r m i n e  t h e  
d e t e c t o r  e f f i c i e n c y  b e f o r e  s t a r t i n g .  The SEM o p e r a t i n g  c o n d i t i o n s  and EDX c a l -  
i b r a t i o n  must remain  c o n s t a n t  w h i l e  s p e c t r a  a r e  c o l l e c t e d  from d i f f e r e n t  a reas  
o f  a specimen or d i f f e r e n t  specimens. 
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For t h e  d e t e r m i n a t i o n  of t r a n s f e r  e lements i n  t h e  wear scars  and t r a c k s  
t h e  m a g n i f i c a t i o n  was s e t  so t h a t  t h e  a r e a  a n a l y z e d  was t o t a l l y  w i t h i n  t h e  
wear zone o f  t h e  specimen w i t h  t h e  s m a l l e s t  wear s c a r  l e n g t h .  T h i s  was neces- 
s a r y  so t h a t  when moving from one specimen t o  a n o t h e r ,  t h e  ana lyzed a r e a  would 
a lways be t o t a l l y  w i t h i n  t h e  s c a r .  Four s p e c t r a  a r e  c o l l e c t e d  a t  random l o c a -  
t i o n s  i n  t h e  wedr a r e a  of each r u b  b l o c k  by  l a t e r a l  t r a n s l a t i o n  o f  t h e  SEM 
s t a g e .  Once t h e  s p e c t r a  a r e  c o l l e c t e d  t h e y  a r e  reduced t o  an e lement  c o n t e n t  
th rough t h e  use o f  t h e  no-s tandard  program. T h i s  r o u t i n e  r e q u i r e s  t h e  i n p u t  
o f  t h e  beam v o l t a g e ,  take-o f f -ang le ,  t i l t  a n g l e ,  e lements  l i s t  to  be a n a l y z e d  
f o r ,  and t h e  n o r m a l i z a t i o n  v a l u e  f o r  t h e  e lements  l i s t .  The e lements l i s t  
must be k e p t  c o n s t a n t  for t h e  same r e l a t i v e  a n a l y s i s .  The e lements l i s t  was 
always n o r m a l i z e d  t o  100 p e r c e n t .  For example, t h e  e lement  l i s t  f o r  t h e  s c a r  
a n a l y s i s  was N i ,  C r ,  Fe, S i ,  T i ,  Mo, A l ,  and Nb. An average e lement  c o n t e n t  

I was de termined from t h e  f o u r  s p e c t r a .  The no-s tandard  program i n c l u d e s  a back- 
ground s u b t r a c t i o n ,  o v e r l a p  c o r r e c t i o n s ,  a t o m i c  number, a b s o r p t  
f l u o r e s c e n c e  ( Z A F )  m a t r i x  c o r r e c t i o n s .  T h i s  program c a l c u l a t e s  
i n t e n s i t i e s  f o r  each e lement  from f i rst  p r i n c i p l e s .  

The SEM employed for EDX a n a l y s i s  a l s o  had a l i g h t  e lement  
l e n g t h  d i s p e r s i v e  s p e c t r o m e t e r )  a t t a c h m e n t .  A l i n e  scan a n a l y s  
t h e  EDX and WDS i n s t r u m e n t s  was made. T h i s  was used t o  a n a l y z e  
t i v e  d i s t r i b u t i o n  o f  t r a n s f e r  e lements i n  t h e  wear s c a r  a l o n g  a 

on, and 
compar ison 

WDS (wave- 
s u s i n g  b o t h  
f o r  t h e  r e l a -  
l i n e  a c r o s s  a 

chosen f e a t u r e .  
across  t h e  f e a t u r e  i n  t h e  wear s c a r  and a r e c o r d  o f  e lement  i n t e n s i t y  f o r  a 
chosen l i s t  o f  e lements i s  r e c o r d e d  v e r s u s  d i s t a n c e .  The WDS spec tometer  i s  
used f o r  d e t e c t i o n  o f  oxygen and n i t r o g e n  and t h e  EDX f o r  t h e  h e a v i e r  e lements .  

I n  t h i s  l i n e  mode an e l e c t r o n  beam f o c u s e d  t o  a spot i s  d r i v e n  

N i c k e l  and s i l i c o n  i n  t h e  c o l l e c t e d  wear d e b r i s  
g r a p h i c  a n a l y s i s .  From t h e s e  v a l u e s  t h e  N i / S i  r a t i o  

S t a r t i n g  M a t e r i a l s  

A l i s t i n g  o f  t y p i c a l  c o m p o s i t i o n  and o t h e r  phys 
Si -ceramic s t a r t i n g  m a t e r i a l s  a r e  p r e s e n t e d  i n  t a b l e  
some degree o f  c h a r a c t e r i z a t i o n  o f  t h e  m a t e r i a l s  t e s  
1 a r l  y a p p r o p r i a t e  e x e r c i  s e  when d e a l  i ng w i  t h  cerami  c 

was d e t e r m i n e d  b y  s p e c t r o -  
was c a l  c u l  a t e d .  

c a l  p r o p e r t i e s  o f  t h e  
I .  These r e s u l t s  g i v e  
ed. T h i s  i s  a p a r t i c u -  
m a t e r i a l s .  A s  w i l l  be 

seen-most o f  t h e  ceramics  a r e  n o t  p u r e - o r  t o t a l l y  dense b u t  c o n t a i n  o t h e r  con- 
s t i t u e n t s  and have some degree o f  p o r o s i t y .  

S i l i c o n  n i t r i d e .  - Two v a r i e t i e s  o f  h o t  p r e s s e d  Si3N4 were t e s t e d .  The 
N - v a r i e t y  c o n t a i n e d  t u n g s t e n  and magnesium and s m a l l  amounts o f  o t h e r  e lements  
i n  a d d i t i o n  t o  s i l i c o n  and n i t r o g e n .  The XRD (X-ray D i f f r a c t i o n )  p a t t e r n  
showed a m i n o r  Si2W phase as w e l l  as beta-Si3Nq t o  be p r e s e n t .  
c o n t a i n e d  8 w t  % Y2O3 and t h e  XRD p a t t e r n  r e v e a l e d  a Y20NqSi12018 t y p e  phase 
i n  a d d i t i o n  t o  beta-Si3Nq. 
c e n t  o f  t h e o r e t i c a l  d e n s i t y  and t h e  hardness was s i m i l a r  (1422280 and 
1320*102 kg/mm2 r e s p e c t i v e l y )  A Knoop hardness f o r  Si3N4 a t  25 " C  i s  r e p o r t e d  
i n  r e f e r e n c e  10 as 1880 kg/mmZ. M a c h i n i n g  groves  a r e  seen i n  t h e  photomicro-  
graph o f  t h e  machined s u r f a c e  o f  t h e  N - v a r i e t y  i n  f i g u r e  2 .  
t h e  machined s u r f a c e  o f  t h e  C - v a r i e t y  had a s i m i l a r  appearance so i s  n o t  shown. 
These a r e  t h e  t e s t e d  s u r f a c e s .  The roughness o f  t h e s e  s u r f a c e s  i s  0.25 to  
0.38 pm (Ra).  

The C - v a r i e t y  

Both  t h e  ( N )  and ( C )  v a r i e t i e s  a r e  n e a r l y  100 p e r -  

A photograph o f  



Photomicrographs o f  t h e  f i n e l y  p o l i s h e d  s u r f a c e  o f  these m o n o l i t h i c  
n i t r i d e  s t a r t i n g  m a t e r i a l s  a r e  p r e s e n t e d  i n  f i g u r e s  3 and 4. An e x a m i n a t i o n  
o f  t h e  p o l i s h e d  and unetched m a t e r i a l s  r e v e a l s  t h e  v o i d  and i n c l u s i o n  d i s t r i b u -  
t i o n .  Spot  EDX r e s u l t s  o f  
v a r i o u s  i n c l u s i o n s  a r e  g i v e n  a l o n g  w i t h  a r e a  v a l u e s .  The a r e a  r e s u l t s  were 
made a t  a low m a g n i f i c a t i o n  (SOX) and t h e y  r e p r e s e n t  t h e  average e lement  con- 
t e n t  o f  t h e  m a t r i x  and many i n c l u s i o n s .  Whi te  i n c l u s i o n s  i n  t h e  N- 'var ie ty  o f  
Si3N4 were r e l a t i v e l y  h i g h e r  i n  t u n g s t e n  t h a n  t h e  g r a y  m a t r i x .  
s i o n s  a r e  p r o b a b l y  t h e  Si2W phase f o u n d  by XRD. 
i n c l u s i o n s  can be v i s u a l l y  i d e n t i f i e d  i n  t h e  C - v a r i e t y  n i t r i d e .  The w h i t e  a r e  
h i g h  i n  t u n g s t e n  and t h e  g r a y  a r e  h i g h  i n  y i t t r i u m .  The l i g h t  g r a y  i n c l u s i o n s  
may be t h e  'f20NqSi12018 phase d e t e c t e d  by XRD. 

Sya lon .  - Sya lon  i s  a p o l y c r y s t a l l i n e  ceramic a l l o y  based on s i l i c o n  
n i t r i d e .  Many grades can be produced by v a r y i n g  t h e  degree on s u b s t i t u t i o n  o f  
aluminum and oxygen atoms for s i l i c o n  and n i t r o g e n  r e s p e c t i v e l y  i n  t h e  be ta-  
s i l i c o n  n i t r i d e  l a t t i c e .  Y t t r i u m  o x i d e  i s  added t o  a c t  as a l i q u i d  phase s i n -  
t e r i n g  a i d .  

These m a t e r i a l s  were p o l i s h e d  w i t h  diamond g r i t .  

These i n c l u -  
Both  w h i t e  and l i g h t  g r a y  

The s y a l o n  t e s t e d  was a h o t  p ressed m a t e r i a l  98 t o  99 p e r c e n t  o f  t h e o r e t i -  
c a l  d e n s i t y ,  and t h e  XRD showed t h e  o n l y  phase t o  be beta-Si3Nq.  F i g u r e  2 i s  a 
photomicrograph o f  t h e  machined s u r f a c e  and r e v e a l s  l e s s  groove f o r m a t i o n  t h a n  
t h e  Si3N4 b u t  more p o r o s i t y .  T h i s  i s  t h e  t e s t e d  s u r f a c e ,  and i t s  roughness 
(Ra) i s  0 .1  t o  0 . 1 3  pm. The measured V i c k e r s  hardness was 16492103 kg/mm2. A 
t y p i c a l  hardness r e p o r t e d  b y  t h e  vendor f o r  a s i m i l a r  m a t e r i a l  was 2000 kg/mm2 
a t  25 "C. A photograph of t h e  f i n e l y  p o l i s h e d  s y a l o n  i s  p r e s e n t e d  i n  f i g u r e  5 
and shows a smal l  amount of p o r o s i t y  and many w h i t e  i n c l u s i o n s  t h a t  a r e  
s l i g h t l y  r i c h e r  i n  y i t t r i u m  and l e a n e r  i n  aluminum t h a n  t h e  v o i d s  and a r e a  
r e s u l t s .  These i n c l u s i o n s  a r e  t h e  p r e c i p i t a t e d  y i t t r i u m - s i l i c a t e  s i n t e r i n g  
a i d .  The EDX-no s t a n d a r d  a n a l y s i s  o f  t h i s  p o l i s h e d  sur face  gave 3.5 w t  % A l ,  
8 .5  w t  % Y, and 88 w t  % S i .  No oxygen or n i t r o g e n  a n a l y s i s  was made. 

Fused s i l i c a .  - The f u s e d  s i l i c a  s t a r t i n g  m a t e r i a l  was homogeneous, t r a n s -  
p a r e n t ,  o f  h i g h  p u r i t y ,  and has no  p o r o s i t y .  The XRD p a t t e r n  was t h a t  o f  a 
g l a s s y  substance (amorphous p a t t e r n ) .  The measured V i c k e r s  hardness was 
461237 kg/mm2 a t  25 "C. 
r e p o r t e d  i n  r e f e r e n c e  1 1 .  The s u r f a c e  roughness (Ra) was 0 .25  t o  0.38 prn which 
i s  comparable t o  t h a t  of t h e  n i t r i d e s .  
f a c e  b e f o r e  t e s t  i s  p r e s e n t e d  i n  f i g u r e  2 and r e v e a l s  i t  t o  be p i t t e d  r a t h e r  
t h a n  groved as t h e  n i t r i d e s .  

T h i s  compares t o  a Knoop v a l u e  of 570 kg/mm2 a t  37 "C 

A photomicrograph o f  t h e  machined sur -  

S i l i c o n  c a r b i d e .  - The Sic was a s i n t e r e d  m a t e r i a l  w i t h  t h e  a l p h a  c r y s t a l  
s t r u c t u r e .  I t  c o n t a i n e d  no  excess s i l i c o n .  I t  has a s l i g h t l y  porous m i c r o -  
s t r u c t u r e  and a V i c k e r s  hardness o f  2418k180 kg/mm2, t h e  h a r d e s t  o f  a l l  t h e  
m a t e r i a l s  t e s t e d .  A Knoop hardness v a l u e  o f  2400 kg/mm2 i s  r e p o r t e d  i n  r e f e r -  
ence 12 a t  25 "C.  Photomicrographs  o f  t h e  machined and p o l i s h e d - u n e t c h e d  sur-  
f a c e s  a r e  p r e s e n t e d  i n  r e f e r e n c e  13. The machined t e s t  s u r f a c e  i s  n o t  grooved 
l i k e  t h a t  o f  t h e  Si3N4 m a t e r i a l s  bu p i t t e d  and p o l i s h e d  i n  appearance. 

F i b e r  r e i n f o r c e d  compos i tes .  - Two f i b e r  r e i n f o r c e d  S i -ceramic  m a t r i x  
m a t e r i a l s  were t e s t e d .  One was a S C f i b e r  r e i n f o r c e d  RBSN ( R e a c t i o n  Bonded 
S i l i c o n  N i t r i d e ) .  I t s  p r e p a r a t i o n  and p r o p e r t i e s  a r e  d i s c u s s e d  i n  d e t a i l  i n  
r e f e r e n c e s  2 and 3 .  
e t e r  Sic f i b e r s  h a v i n g  a carbon c o r e  and a s u r f a c e  c o a t i n g  o f  carbon embedded 

I n  b r i e f  i t  i s  a composi te  o f  e i g h t  l a y e r s  o f  140 pm diam- 
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i n  a Si3N4 m a t r i x .  
was 32 p e r c e n t  and t h e  roughness o f  t h e  t e s t  sur face  was 0.5 t o  0.7 pm (20 t o  
30 p i n . ) .  T h i s  compos i te  has an a n i s o t r o p i c  s t r u c t u r e  so i t  was t e s t e d  i n  two 
o r i e n t a t i o n s :  f i b e r s  p e r p e n d i c u l a r  and p a r a l l e l  t o  t h e  s l i d i n g  s u r f a c e .  These 
o r i e n t a t i o n s  a r e  shown i n  f i g u r e  6.  The o t h e r  f i b e r  r e i n f o r c e d  composi te  was 
composed o f  50 vol % GY-70 carbon f i b e r s  i n  a 0/90" cross l a m i n a t e  s t r u c t u r e  
bonded by a b o r o s i l i c a t e  g l a s s  number 7740. 
p o r o s i t y  and t h e  t e s t e d  s u r f a c e  roughness was t h e  same as t h a t  o f  t h e  f o r m e r  
compos i te .  The p r e p a r a t i o n  and p r o p e r t i e s  o f  t h i s  m a t e r i a l  a r e  d i s c u s s e d  i n  
r e f e r e n c e  4. T h i s  composi te  was t e s t e d  i n  o n l y  one o r i e n t a t i o n  which i s  g i v e n  
i n  f i g u r e  7 .  

T h i s  compos i te  was 2 3  vol % f i b e r s .  I t s  m a t r i x  p o r o s i t y  

T h i s  m a t e r i a l  had n e a r l y  z e r o  

IN-718 a l l o y .  - A l l o y  IN-718 i s  a n i c k e l  based m a t e r i a l  w i t h  a nominal  
c o m p o s i t i o n  o f  N i  53,  C r  18.5,  Fe 18.5,  Nb 5,  Mo 3.1,  T i  0.9, A 1  0.4, S i  0 . 3 ,  
Mn 0 . 2 ,  and C 0 . 0 4  w t  %. 
51724 kg/mm2 a t  100 g l o a d .  

The V i c k e r s  hardness o f  t h i s  a l l o y  a t  2 5  " C  was 
The sur face  f i n i s h  (Ra) was 0.2 pm ( 8  p i n . ) .  

RESULTS AND DISCUSSION 

F r i c t i o n  o f  M o n o l i t h i c  Si-Ceramics 

F r i c t i o n  c o e f f i c i e n t s  a t  t h e  end o f  s l i d i n g  a r e  p r e s e n t e d  i n  t a b l e  I1 and 
p l o t t e d  i n  f i g u r e  8 .  I n  g e n e r a l  t h e  f r i c t i o n  o f  t h e  m o n o l i t h i c  m a t e r i a l s  
d e c l i n e s  as t h e  t e m p e r a t u r e  i n c r e a s e s  and reaches a v a l u e  i n  t h e  range o f  0.2 
to  0.3 by 800 " C .  

I t  has been r e p o r t e d  for m e t a l s  s l i d i n g  a g a i n s t  each o t h e r  i n  an atmo- 
sphere c o n t a i n i n g  oxygen t h a t  t h e  f r i c t i o n  was l e s s  t h a n  i n  oxygen f r e e  atmo- 
spheres ( r e f .  14) .  I t  was found t h a t  i n  t h e  f o r m e r  case a t h i n  o x i d e  l a y e r  
formed and t h i s  f u n c t i o n e d  as a s o l i d  l u b r i c a n t .  

I t  appeared t h a t  t h e  decrease i n  f r i c t i o n  o f  t h e  S i -ceramics  s l i d i n g  
a g a i n s t  IN-718 i n  a i r  i s  due t o  t h e  f o r m a t i o n  o f  a l u b r i c a t i v e  o x i d e  l a y e r  on 
t h e  a l l o y  w i t h  subsequent t r a n s f e r  t o  t h e  ceramic  d u r i n g  s l i d i n g .  Measure- 
ments o f  t h e  n i c k e l  t r a n s f e r  t o  t h e  ceramic r u b  b l o c k s ,  XRD a n a l y s i s  o f  t h e  
wear d e b r i s ,  and m i c r o s c o p i c  e x a m i n a t i o n s  were made t o  d e t e r m i n e  i f  t h i s  
h y p o t h e s i s  was t r u e .  

N i c k e l  t r a n s f e r  t o  t h e  ceramic  r u b  b l o c k  was measured by t h e  EDX method 
p r e v i o u s l y  d e s c r i b e d .  I n  o r d e r  t o  n o r m a l i z e  t o  u n i t  s i l i c o n ,  wh ich  comes p r i -  
m a r i l y  from t h e  S i -ceramic  r u b  b l o c k s ,  t h e  N i / S i  r a t i o  i s  c a l c u l a t e d .  O n l y  
t h e  n i c k e l  t r a n s f e r  i s  c o n s i d e r e d ,  b u t  a l l  t h e  o t h e r  a l l o y  e lements were f o u n d  
t o  be p r e s e n t  i n  t h e  scar  i n  t h e  same p r o p o r t i o n  as i n  t h e  a l l o y .  T h i s  d i c -  
t a t e s  no p r e f e r e n t i a l  e lement  t r a n s f e r .  F i g u r e  9 i s  a p l o t  o f  t h e  N i / S i  r a t i o  
as a f u n c t i o n  o f  t h e  c o e f f i c i e n t  o f  f r i c t i o n  w i t h  t h e  t e s t  t e m p e r a t u r e  p r i n t e d  
near  each p o i n t .  The s o l i d  l i n e  i s  t h e  r e s u l t  o f  a l e a s t  squares f i t  o f  t h e  
d a t a  p o i n t s  e x c l u d i n g  t h e  o u t l i e r s .  I t  i s  a p p a r e n t  t h a t  as t h e  n i c k e l  t r a n s f e r  
i n c r e a s e s ,  t h e  f r i c t i o n  decreases .  Also, t h e  n i c k e l  t r a n s f e r  tends  to  be h i g h -  
e s t  a t  t h e  h i g h e r  t e m p e r a t u r e s .  

T h i s  former a n a l y s i s  does n o t  d e t e r m i n e  whether  t h e  meta l  e lements t r a n s -  
To answer t h i s  q u e s t i o n  s e v e r a l  f e r r e d  t o  t h e  wear s c a r  a r e  o x i d e s  or m e t a l s .  

f u r t h e r  measurements were made. F i r s t ,  t h e  wear d e b r i s  c o l l e c t e d  from many 
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d e t e r m i n a t i o n s  were ana lyzed b y  XRD. These r e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  111. 
T h i s  d e b r i s  r e p r e s e n t s  m a t e r i a l  l o s t  from t h e  s l i d i n g  a r e a  of t h e  c o u p l e  so 
shou ld  be r e p r e s e n t a t i v e  o f  what i s  f o r m i n g  d u r i n g  s l i d i n g .  A c h r o m i t e  s p i n e l  
( r e f .  15)  and N i O  a r e  commonly d e t e c t e d  e s p e c i a l l y  a t  h i g h e r  tempera tures .  I t  
i s  conc luded t h a t  a l l o y  meta l  o x i d e s  a r e  formed.  T h i s  c o n c l u s i o n  was r e i n -  
f o r c e d  by  i n f o r m a t i o n  from a l i n e  scan f o r  a l l o y  e lements  and oxygen. F i g -  
u r e  10 shows t h e  e lement  d i s t r i b u t i o n  a c r o s s  an a r e a  i n  t h e  wear s c a r  which 
c o n t a i n s  an i r r e g u l a r  p a r t i c l e  o f  suspec ted  t r a n s f e r  m a t e r i a l .  Oxygen across  
t h i s  p a r t i c l e  i s  h i g h  when t h e  n i c k e l  i s  h i g h .  From t h i s  i t  i s  conc luded t h a t  
t h i s  p a r t i c l e  i s  t r a n s f e r  m a t e r i a l  and t h a t  i t  i s  an a l l o y  o x i d e .  I n  a reas  
a d j a c e n t  t o  t h e  p a r t i c l e  much f i n e  S i 0 2  m a t e r i a l  was a l s o  d e t e c t e d .  
r i a l  c o n s i s t s  o f  wear d e b r i s  p a r t i c l e s .  

T h i s  mate- 

Photomicrographs  shown i n  f i g u r e  1 1  r e v e a l  t h e  r e l a t i v e  amounts o f  t r a n s -  
f e r  m a t e r i a l  near  t h e  edge of t h e  wear s c a r s .  A t  25 "C t h e  abundance o f  t r a n s -  
f e r r e d  m a t t e r  appears t o  be lower t h a n  a t  800 "C .  T h i s  i n f o r m a t i o n  c o r r e l a t e s  
w e l l  w i t h  t h e  above c o n c l u s i o n  t h a t  t h e  f r i c t i o n  decreases w i t h  r i s i n g  tempera- 
t u r e  due t o  o x i d e  l u b r i c a t i o n  o f  t h e  ceramics .  T h i s  i s  based on  t h e  i n t u i t i o n  
t h a t  one would e x p e c t  g r e a t e r  t r a n s f e r  t o  l e a d  t o  l o w e r  f r i c t i o n .  

I t  i s  observed t h a t  t h e  c o e f f i c i e n t  o f  f r i c t i o n  o f  t h e  N and C - v a r i e t i e s  
o f  Si3N4 and s y a l o n  a r e  s i m i l a r  a t  a l l  t e s t  tempera tures ,  i n d i c a t i n g  t h a t  these 
d i f f e r e n c e s  i n  c o m p o s i t i o n  produces l i t t l e  t o  no  d i f f e r e n c e  i n  s l i d i n g  f r i c -  
t i o n .  However, t h e  f r i c t i o n  o f  f u s e d  s i l i c a  a t  25 "C i s  somewhat s m a l l e r  t h a n  
t h e  n i t r i d e s ,  w h i l e ,  t h e  Sic f r i c t i o n  i s  h i g h e r  a t  t h i s  same tempera ture .  

A s  a p o i n t  o f  r e f e r e n c e  t h e  c o e f f i c i e n t  of f r i c t i o n  o f  Si3N4 ( N >  s l i d i n g  
a g a i n s t  i t s e l f  a t  25 "C was measured and a v a l u e  of 0.48 was f o u n d .  T h i s  v a l u e  
i s  s i m i l a r  t o  t h e  f r i c t i o n  when s l i d i n g  on  IN-718 a t  t h i s  t e m p e r a t u r e .  The 
s i m i l a r i t y  i n  f r i c t i o n  c o e f f i c i e n t s  can be e x p l a i n e d  by  t h e  low f o r m a t i o n  and 
t r a n s f e r  o f  a l l o y  e lement  o x i d e  l u b r i c a n t  t o  t h e  ceramic  a t  25 "C. T h i s  sub- 
s t a n t i a t e s  t h e  c o n c l u s i o n  t h a t  when t h e  amount o f  o x i d e  l u b r i c a n t  f o r m a t i o n  i s  
smal l  l i t t l e  l u b r i c a t i o n  o c c u r s .  

For t h e  purpose o f  i n f o r m a t i o n ,  a f e w  l i t e r a t u r e  v a l u e s  o f  u n l u b r i c a t e d  
s l i d i n g  f r i c t i o n  o f  Si3N4 on i t s e l f  a t  2 5  "C a r e  p r e s e n t e d .  
c i e n t s  o f  0.68 i n  d r y  n i t r o g e n ,  0.48 i n  a i r  a t  50 p e r c e n t  r e l a t i v e  h u m i d i t y ,  
and 0.25 i n  d i s t i l l e d  w a t e r  have been r e p o r t e d  ( r e f .  9 )  u s i n g  a p i n  o n  d i s k  
t e s t e r .  Values o f  0.85 i n  d r y  n i t r o g e n ,  0 .75 i n  a i r  a t  98 p e r c e n t  r e l a t i v e  
h u m i d i t y ,  and 0.7 i n  w a t e r  a t  a s l i d i n g  v e l o c i t y  o f  0.001 m/sec and a l o a d  o f  
10 N a r e  r e p o r t e d  i n  r e f e r e n c e  16 .  These r e s u l t s  show a wide d i v e r s i t y  o f  
v a l u e s .  The 0.48 v a l u e  measured h e r e  i s  i n  t h e  same range as t h e  l i t e r a t u r e  
v a l u e  f o r  50 p e r c e n t  r e l a t i v e  h u m i d i t y  a i r  r e p o r t e d  i n  r e f e r e n c e  9. 

F r i c t i o n  c o e f f i -  

Wear o f  M o n o l i t h i c  Si-Ceramics 

Wear f a c t o r s  f o r  b o t h  t h e  r u b  b l o c k  and d i s k  s l i d i n g  members o f  t h e  t e s t  
coup les  a r e  g i v e n  i n  t a b l e  I 1  and p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  12 as a f u n c -  
t i o n  o f  tempera ture .  
l o w e r  wear f a c t o r  a t  800 "C t h a n  a t  25 "C.  I n  t h e  case of b o t h  v a r i e t i e s  o f  
Si3N4 and s y a l o n ,  t h e  wear f a c t o r s  f a l l  from t h e  moderate t o  low wear range a t  
25 "C t o  t h e  v e r y  low wear range a t  800 "C.  These c o m p o s i t i o n s  a r e  t h e  most 
wear r e s i s t a n t  a t  a l l  t e m p e r a t u r e s .  The wear o f  t h e  IN-718 d i s k  i s  g e n e r a l l y  

W i t h  t h e  e x c e p t i o n  o f  t h e  S i c  a l l  t h e  ceramics  have a 
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l a r g e r  than t h a t  o f  t h e  ceramic and changes l i t t l e  w i t h  tempera ture ,  r e m a i n i n g  
i n  t h e  moderate t o  low wear r a n g e .  

F i g u r e  13 compares t h e  t o t a l  wear f a c t o r s  a t  25 and 800 "C.  The t o t a l  
wear i s  t h e  sum o f  t h e  wear of t h e  a l l o y  d i s k  and ceramic  r u b  b l o c k .  The 
t o t a l  wear f a c t o r s  a r e  g e n e r a l l y  c l u s t e r e d  a t  t h e  h i g h  end of t h e  moderate t o  
low wear range a t  25 "C. A t  800 "C t h e y  c l u s t e r  n e a r l y  a decade lower, near  
t h e  m i d d l e  o f  t h i s  r a n g e .  None o f  t h e  coup les  f a l l  i n  t h e  v e r y  low wear r a n g e .  
Also, t h e  c o m p o s i t i o n  of t h e  r u b  b l o c k s  has l i t t l e  i n f l u e n c e  on t o t a l  wear.  
T h i s  i s  due t o  t h e  c o n t r o l  o f  t o t a l  wear by t h e  r e l a t i v e l y  l a r g e r  and c o n s t a n t  
wear o f  t h e  d i s k .  I t  i s  f u r t h e r  observed t h a t  of a l l  t h e  m o n o l i t h i c  ceramics  
t e s t e d ,  f u s e d  s i l i c a  and S ic  produced t h e  l e a s t  wear o f  t h e  meta l  d i s k  a t  a l l  
tempera tures .  

I t  i s  observed t h a t  t h e  d i f f e r e n c e s  i n  c o m p o s i t i o n  o f  t h e  N and C- 
v a r i e t i e s  o f  Si3N4 and s y a l o n  do n o t  make any s i g n i f i c a n t  d i f f e r e n c e  i n  wear. 
The wear o f  these m a t e r i a l s  a t  800 "C i s  t h e  s m a l l e s t  o f  any o f  t h e  S i -ceramics  
t e s t e d .  I n  f a c t  t h e  wear i s  i n  t h e  10-8 mm3/N-m wh ich  i s  c o n s i d e r e d  t o  be v e r y  
low wear. 

I t  was p r e v i o u s l y  d i s c u s s e d  t h a t  t h e  s l i d i n g  f r i c t i o n  o f  t h e  ceramic  
IN-718 a l l o y  coup les  decreased w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  and ev idence sug- 
ges ted  t h a t  t h e  cause was due t o  t h e  f o r m a t i o n  o f  a m e t a l  o x i d e  g l a z e  on t h e  
ceramic which a c t e d  as a s o l i d  l u b r i c a n t  f i l m .  From these r e s u l t s  i t  appears 
l o g i c a l  to assume t h a t  t h e  decrease i n  wear o f  t h e  ceramics  w i t h  i n c r e a s i n g  
tempera ture  i s  a l s o  due t o  t h i s  same t r a n s f e r  o x i d e  g l a z e  f o r m a t i o n .  I f  t h i s  
i s  t r u e  t h e n  t h e  wear f a c t o r  s h o u l d  decrease w i t h  an i n c r e a s e  o f  n i c k e l  o x i d e  
i n  t h e  ceramic wear s c a r .  
ceramic r u b  b l o c k s  were p l o t t e d  i n  f i g u r e  14 as a f u n c t i o n  o f  t h e  n i c k e l  t r a n s -  
f e r r e d  t o  t h e  wear scar  n o r m a l i z e d  t o  u n i t  s i l i c o n .  I t  i s  a p p a r e n t ,  when a l l  
of t h e  ceramics  a r e  l o o k e d  a t  as a f a m i l y ,  t h a t  t h e  wear decreases as t h e  
n i c k e l  t r a n s f e r  i n c r e a s e s .  T h i s  p l o t  a l s o  suggests  t h a t  t h e  f i r s t  smal l  
amounts o f  t r a n s f e r  ( N i / S i  r a t i o s  o f  l e s s  t h a n  1 )  may have more l u b r i c a t i v e  
v a l u e  t h a n  l a r g e r  amounts. However, t h i s  c o n c l u s i o n  i s  c l o u d e d  b y  t h e  l a r g e  
s c a t t e r  a t  N i / S i  r a t i o s  be low 1.0. 

To t e s t  t h i s  h y p o t h e s i s  t h e  wear f a c t o r s  o f  t h e  

Since t h e  wear o f  t h e  ceramics  decreases w i t h  an i n c r e a s e  i n  n i c k e l  t r a n s -  
f e r  t o  t h e  ceramic i t  appeared r e a s o n a b l e  to  examine t h e  wear t r a c k  on  t h e  
IN-718 d i s k  f o r  s i l i c o n  t r a n s f e r  t o  i t  from t h e  ceramic .  F i g u r e  15 i s  a p l o t  
of t h e  s i l i c o n  t r a n s f e r  t o  t h e  d i s k  n o r m a l i z e d  t o  u n i t  n i c k e l  as a f u n c t i o n  o f  
t h e  wear o f  t h e  ceramic b l o c k s .  A r a t i o  g r e a t e r  t h a n  0.0057, wh ich  i s  t h a t  o f  
t h e  meta l  i t s e l f ,  would i n d i c a t e  t r a n s f e r .  I t  i s  e v i d e n t ,  b y  e x a m i n a t i o n  o f  
t h e  r e s u l t s  i n  f i g u r e  15, t h a t  some t r a n s f e r  o f  s i l i c o n  to  t h e  m e t a l  o c c u r s .  
Wear i n c r e a s e s  w i t h  i n c r e a s e d  s i l i c o n  t r a n s f e r  wh ich  i s  t h e  i n v e r s e  e f f e c t  o f  
t h e  n i c k e l  t r a n s f e r  t o  t h e  ceramic .  The g r e a t e s t  t r a n s f e r  o c c u r r e d  a t  t h e  
lower tempera tures .  T h i s  t h e n  suggests  t h a t  when t h e  amount o f  n i c k e l  t r a n s -  
f e r  t o  t h e  ceramic i s  low ( a t  low t e m p e r a t u r e s )  t h e  s i l i c o n  t r a n s f e r r e d  to  t h e  
d i s k  i s  g r e a t e s t  and a c t s  as an a b r a s i v e  t o  t h e  ceramics .  
occur  by embedment o f  h a r d  ceramic  wear d e b r i s  p a r t i c l e s ,  such as SiO2, i n  t h e  
m e t a l .  
cussed i n  r e f e r e n c e  13. Also, as t h e  amount o f  g l a z e  f o r m a t i o n  on t h e  ceramic  
i n c r e a s e s  ( a t  h i g h e r  t e m p e r a t u r e s )  i t  i s o l a t e s  t h e  d i s k  from t h e  ceramic ,  
t h e r e f o r e ,  l e s s  s i l i c o n  (as  S i 0 2 )  i s  t r a n s f e r r e d  t o  i t  so l e s s  a b r a s i o n  o f  t h e  
ceramic b l o c k  o c c u r s .  

T h i s  may p o s s i b l y  

The wear o f  s l i d i n g  sur faces c o n t a i n i n g  S i 0 2  p a r t i c l e s  has been d i s -  
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The conclusion that metal oxide transfer to the ceramic acts as a lubri- 
cant to lower the couple friction, and wear of the ceramic appears to be rea- 
sonable. However, the wear of the metal disk is generally higher than the 
ceramic and independent of the temperature or composition of the ceramic. This 
suggests that the glaze formed on the ceramic is not generally a wear preventa- 
tive for the disk. The lack of protection of the disk may be explained in 
part by the fact that it is not stationary and its constant rotation against 
the stationary rub blocks removes most of the oxide. Since the metal is oxi- 
dized and provides the glaze to lubricate the ceramics it is acting as a sacri- 
ficial material and therefore greater wear. Also, it may be due in part to 
the differences in hardness of the metal and the ceramics, with the harder 
ceramic materials wearing the softer metal. Materials of equal hardness usu- 
ally wear equally. This latter statement is verified by the experimental wear 
data in table I1 at 25 "C for the Si3N4 (N)/Si3N4 (N) and IN-718/IN-718 cou- 
ples. In both cases the wear of both the disk and blocks are nearly equal. 

Macro-photographs of the wear scars on the monolithic ceramic rub blocks 

Fused silica rub blocks are transparent and during sliding provide a 

are presented in figures 16 to 19. The extent of edge chipping, degree of 
glaze formation, and change of the wear scar size with temperature can be 
judged. 
look at frictional heating which manifests itself as bright red flickering 
points of light. The uneven wear scar shape on the fused silica block at 
25 "C is common when the wear of a material is very extensive. 
large extent of edge chipping on the fused silica blocks is apparent in fig- 
ure 19. Edge chipping is less extensive on the nitrides. The deposit in the 
wear scar of the fused silica blocks at 800 "C is dark brown and has the 
appearance of a typical glaze commonly used on ceramics for decorative 
purposes. 

The relatively 

Wear of a Si3N4 (N) rub block sliding against a Si3N4 (N) disk at 25 "C 
was determined for the purpose of comparison with the wear data for Si3N4 (N) 
sliding against an IN-718. The wear factor of the Si3N4 (N) rub block sliding 
on itself was about a decade larger when sliding on the IN-718 alloy disk. 
This suggests that even during low temperature sliding there may be some small 
but effective amount of transfer alloy element oxide lubrication of the 
ceramic. Total wear of the nitridelnitride and nitride/metal couples are simi- 
lar (7.7~10-5 and 8.4~10-5 mm3/N-m respectively). 
wear o f  the metal disk in the nitridejmetal couple. Generally in sliding cou- 
ples of different hardness the softer material wears more than the harder mate- 
rial and couples of equal hardness wear equally. 

This is due to the larger 

As a point of reference, reported wear values for continuous, unlubricated 
sliding of Si3N4 on itself at 25 "C in air cluster in the range of 6x10-5 to 
8x10-6 mm3/N-m (refs. 9, 16, and 17). 
within this range of values. 
(ref. 9) to be a function of sliding velocity. Up to 0.2 m/sec the wear is 
1x10-5 mm3/N-m and is independent of velocity. At higher sliding velocities 
the wear rises rapidly reaching 6x10-5 mm3/N-m at 0.8 m/sec. 
reported for many ceramics, including Si3N4, that reciprocating wear against 
themselves is about a decade higher than continuous sliding wear (ref. 17). 

Our value of 3.4~10-5 mm3/N-m falls 
Also, wear of Si3N4 on itself has been reported 

It has also been 
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F r i c t i o n  and Wear Models f o r  M o n o l i t h i c  Si-Ceramics S l i d i n g  on  IN-718 Al loy 

These m a t e r i a l s  a r e  grouped t o g e t h e r  as a f a m i l y  o f  s i m i l a r  m a t e r i a l s ,  
and t h e  r e l a t i o n s h i p  between a l l  t h e  measurements and t e s t  c o n d i t i o n s  on  fr ic- 
t i o n  and wear a r e  t r e a t e d  by  mathemat ica l  e q u a t i o n s  or models .  A f t e r  t h e  t r i a l  
o f  s e v e r a l  p o s s i b l e  s i m p l e  models i t  was f o u n d  t h a t  t h e  f r i c t i o n  c o e f f i c i e n t  
o f  t h e  c e r a m i c l m e t a l  c o u p l e  was b e s t  r e p r e s e n t e d  b y  t h e  l o g  t o  base 10 o f  ( X ) ,  
and wear o f  t h e  ceramic  by  10 t o  t h e  power ( X I .  F r i c t i o n  and wear a r e  t h e  
dependent v a r i a b l e s  and ( X )  r e p r e s e n t s  t h e  independent  v a r i a b l e s .  The indpen-  
d e n t  v a r i a b l e s  a r e  d e f i n e d  as t h e  N i / S i  r a t i o  i n  t h e  wear s c a r  ( N S ) ,  S i / N i  
r a t i o  i n  t h e  d i s k  wear t r a c k  ( S N ) ,  t e s t  t e m p e r a t u r e  ( T )  i n  "C, N i / S i  r a t i o  i n  
t h e  wear d e b r i s  (WD), and r e l a t i v e  h u m i d i t y  (RH). A m u l t i p l e  l i n e a r  r e g r e s -  
s i o n  program was used t o  a n a l y s e  each model.  

These e q u a t i o n s  a r e :  

The c o n s t a n t s ,  t e r m  c o e f f i -  
I c i e n t s ,  c o r r e l a t i o n  c o e f f i c i e n t ,  and s t a n d a r d  d e v i a t i o n  w e r e  c a l c u l a t e d .  

A b r i e f  and s i m p l e  model o f  f r i c t i o n  and wear o f  a l l  t h e  S i -ceramics  s l i d -  
i n g  o n  IN-718 i s  p r e s e n t e d  and d i s c u s s e d .  

MU = 0.56-0.03910g~0NS-0.110g~0T+O.O31 
C o r r e l a t i o n  c o e f f i c i e n t  = 0 .95  
Standard  d e v i a t i o n  = 0 .043 

Wear o f  t h e  ceramic .  - 

K = 10 t o  power (-5.8-0.09NS - 0.00017 
C o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 8  
Standard  d e v i a t i o n  = 0.21 

The range o f  t h e  inde;endent v a r i a b l e s  used 

oWD+O. 1 1 

0.0008WD 

a r e  : 

+ 4.86SN + 0.0034RfI) 

N i / S i  r a t i o  i n  t h e  wear s c a r  ( N S )  i s  0.07 t o  20.5 
Temperature ( T I  i s  25 t o  800 "C 
N i / S i  r a t i o  i n  t h e  wear d e b r i s  (WD) i s  0.22 t o  80 
S i / N i  r a t i o  i n  t h e  wear t r a c k  ( S N )  i s  0.0055 to  0.46 
R e l a t i v e  h u m i d i t y  ( R H )  i s  45 t o  60 p e r c e n t  

The use o f  t h e s e  r e s u l t s  i s  v e r y  l i m i t e d  and one i s  c a u t i o n e d  n o t  t o  make 
any g e n e r a l i z a t i o n s  or use any v a l u e s  f o r  t h e  independent  v a r i a b l e s  o u t s i d e  of 
t h e  range g i v e n .  

The most i n t e r e s t i n g  and v a l i d  use o f  t h e s e  e q u a t i o n s  i s  t h e  i n f o r m a t i o n  
t h e y  p r o v i d e  about  t h e  e f f e c t  of a change o f  an independent  v a r i a b l e  on  t h e  
d i r e c t i o n  o f  change o f  t h e  dependent v a r i a b l e .  For example, an i n c r e a s e  i n  
t h e  N i / S i  r a t i o  i n  t h e  wear s c a r  (more l u b r i c a n t  g l a z e  on  t h e  c e r a m i c )  or  t e s t  
t e m p e r a t u r e  (produces more o x i d e )  decreases t h e  f r i c t i o n  because t h e y  have neg- 
a t i v e  t e r m  c o e f f i c i e n t s .  The o t h e r  independent  v a r i a b l e s  have p o s i t i v e  t e r m  
c o e f f i c i e n t s  so an i n c r e a s e  i n  any o f  t h e s e  w i l l  cause an i n c r e a s e  i n  t h e  f r i c -  
t i o n .  The r e l a t i v e  h u m i d i t y  has t h e  l a r g e s t  p o s i t i v e  t e r m  v a l u e  so i t  has t h e  

10 



g r e a t e s t  e f f e c t  on t h e  f r i c t i o n .  I n  t h e  case of t h e  wear model t h e  t e r m  c o e f -  
f i c i e n t s  for t h e  N i / S i  r a t i o  i n  t h e  wear scar  and t h e  t e m p e r a t u r e  a r e  b o t h  neg- 
a t i v e ,  t h e r e f o r e ,  an i n c r e a s e  i n  e i t h e r  w i l l  decrease t h e  wear o f  t h e  ceramic .  
An i n c r e a s e  i n  any o f  t h e  o t h e r  independent  v a r i a b l e s  w i l l  r e s u l t  i n  an 
i n c r e a s e  i n  wear o f  t h e  ceramic  w i t h  t h e  S i / N i  r a t i o  i n  t h e  wear t r a c k  b e i n g  
t h e  l a r g e s t  c o n t r i b u t o r  ( a  l a r g e  p o s i t i v e  t e r m  c o e f f i c i e n t )  f o l l o w e d  by t h e  
h u m i d i t y  t e r m  and t h e  N i / S i  r a t i o  i n  t h e  wear d e b r i s  making o n l y  a smal l  
c o n t r i b u t i o n .  

I n  b o t h  o f  t h e  models f o r  t h e  c e r a m i c j m e t a l  coup les  t h e  h u m i d i t y  t e r m  
c o e f f i c i e n t  i s  p o s i t i v e  or an i n c r e a s e  i n  h u m i d i t y  w i l l  cause an i n c r e a s e  i n  
f r i c t i o n  and wear. Repor ts  i n  r e f e r e n c e s  9 and 16 for c e r a m i c / c e r a m i c  coup les  
i n d i c a t e  t h a t  an i n c r e a s e  i n  h u m i d i t y  decreases t h e  wear and f r i c t i o n .  T h i s  
c o n t r a d i c t i o n  o f  t h e  h u m i d i t y  e f f e c t  may be due t o  t h e  d i f f e r e n c e  i n  t h e  n a t u r e  
o f  t h e  s l i d i n g  c o u p l e s ,  t h a t  i s ,  ce ramic  on m e t a l  i n  one case and ceramic  on 
ceramic i n  t h e  o t h e r .  

F r i c t i o n  and Wear o f  F i b e r  R e i n f o r c e d  Si -Ceramics 

The f r i c t i o n  and wear o f  t h e  Sic f i b e r  re in forced/RBSN and carbon f i b e r  
r e i n f o r c e d  b o r o s i l i c a t e  g l a s s  m a t r i x  composi tes a r e  p r e s e n t e d  i n  t a b l e  11. 
These m a t e r i a l s  a r e  a n i s o t r o p i c  i n  s t r u c t u r e  so f r i c t i o n  and wear may v a r y  
w i t h  s l i d i n g  d i r e c t i o n  and f i b e r  o r i e n t a t i o n .  The t e s t  d i r e c t i o n  and o r i e n t a -  
t i o n  a r e  d e p i c t e d  i n  f i g u r e s  6 and 7. 

Measurements p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  f i b e r s  were made fo r  t h e  
S i c  f iber /RBSN a t  25 "C. Both  t h e  wear and f r i c t i o n  were t h e  l e a s t  when s l i d -  
i n g  was p a r a l l e l  t o  t h e  f i b e r .  I n  f a c t  t h e  p a r a l l e l  f r i c t i o n  was about  h a l f  
t h a t  o f  t h e  p e r p e n d i c u l a r  o r i e n t a t i o n  and l e s s  t h a n  any o f  t h e  m o n o l i t h i c  c e r -  
amics.  The wear o f  t h e  p a r a l l e l  s l i d i n g  b l o c k s  was l a r g e r  t h a n  t h e  m o n o l i t h i c  
Si3N4 and Sic, b u t  c o n s i d e r i n g  t h e  l a r g e  p o r o s i t y  and l e s s  t h a n  i d e a l  m u l t i -  
l a y e r e d  t e s t  specimen c o n f i g u r a t i o n  used, t h e  composi te  wear i s  c o n s i d e r e d  t o  
be v e r y  good. W i t h  a decrease i n  p o r o s i t y  and a s i n g l e  p i e c e  t e s t  specimen, 
t h e  f i b e r  r e i n f o r c e d  compos i te  s h o u l d  have much l o w e r  wear. I n  f a c t  t h e  com- 
p o s i t e  wear would be expec ted  t o  be l e s s  t h a n  t h e  m o n o l i t h i c  m a t e r i a l  due to  
the h igher  f r a c t u r e  toughness o f  the composite. T h i s  conc lus ion i s  based on 
a d d i t i o n a l  i n f o r m a t i o n  t o  be d i s c u s s e d  i n  subsequent paragraphs .  

F i g u r e  20 i s  a macro-photograph o f  t h e  Sic f iber /RBSN compos i te  specimens 
a f t e r  t e s t .  I t  i s  c l e a r l y  e v i d e n t  from e x a m i n a t i o n  o f  b o t h  t h e  t o p  and s i d e  
v iews t h a t  t h e  wear i s  l e s s  i n  t h e  p a r a l l e l  s l i d i n g  a t  25  "C. 

Photomicrographs o f  t h e  s u r f a c e s  o f  t h e  Sic f iber /RBSN compos i te  m a t e r i a l  
be fore  and a f t e r  s l i d i n g  a r e  p r e s e n t e d  i n  f i g u r e s  21 and 22. I n  p e r p e n d i c u l a r  
s l i d i n g  an i n c r e a s e d  amount o f  edge c h i p p i n g  can be seen compared t o  p a r a l l e l  
s l i d i n g .  T h i s  edge c h i p p i n g  l e a v e s  a s m a l l e r  specimen w i d t h  t o  c a r r y  t h e  l o a d  
and may c o n t r i b u t e  t o  i n c r e a s e d  wear.  The t e s t  o f  a one p i e c e  specimen would 
m i n i m i z e  t h i s  e f f e c t ,  because t h r e e  specimens have s i x  edges w h i l e  one would 
have o n l y  two. 

Some r e l e v a n t  b u t  u n p u b l i s h e d  d a t a  o f  t h e  a u t h o r s ,  f o r  a Sic w h i s k e r  r e i n -  
f o r c e d  h o t  p ressed A1203 s l i d i n g  on  IN-718 a l l o y  i n  a i r ,  shows a p r o g r e s s i v e  
d e c l i n e  i n  wear w i t h  i n c r e a s i n g  w h i s k e r  c o n t e n t .  L i k e w i s e ,  t h e  c r o s s  bend ing  
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strength and fracture toughness increases with whisker content. At 25 vol % 
Sic whisker content the wear is decreased by a decade at both 25 and 800 "C. 

The SIC fiber/RBSN material was also tested in perpendicular sliding at 
800 "C, and the decreased wear compared to the 25 "C test is dramatically 
illustrated in figure 20 especially in the side view. This is due to the 
transfer of oxide to the composite, forming a thin solid lubricant 'layer. 
This is an excellent illustration of the lubricating power of the transfer 
glaze. Figure 21(d) seems to suggest that the porous matrix and fiber ends 
may act to trap the lubricant and so enchance the supply of lubricating glaze 
materi a1 . 

Friction test results for the carbon fiber reinforced borosilicate glass 
matrix composite at 25 "C, using the orientation given in figure 7, was 0.18 
the lowest of any couple tested at any temperature. The wear of this compos- 
ite was similar to that o f  the monolithic nitrides. It is interesting to note 
that the wear i s  almost two decades smaller than that of the monolithic fused 
silica glass. This illustrates the enchanced tribological properties provided 
to brittle ceramics by fiber reinforcement. The fibers increase the fracture 
toughness and may also provide lubrication. One of the recognized wear mechan- 
isms of brittle materials is fracture, therefore, the increased fracture tough- 
ness provided by the fibers decreases the wear. Measurements on this carbon 
fiber/glass composite in air were not made at higher temperatures because of 
the presence of the oxidizable fibers. 

CONCLUSIONS 

After investigation of the unlubricated friction and wear of monolithic 
and fiber reinforced Si-ceramics sliding against IN-718 in air at temperatures 
of 25 to 800 "C the following conclusions have been made. 

1 .  The monolithic ceramic with the lowest friction coefficient at 25 "C 
was fused silica, but at 800 "C it was syalon. 

2.  The monolithic ceramic with the lowest wear was Si3N4 (N) at both 25 
and 800 "C. At 25 "C the wear was in the moderate to low range to 
10-6 mm3/N-m), but at 800 "C it was in the very low range 
less). 

mm3/N-m or 

3. Monolithic Sic exhibited the lowest total wear (ceramic + metal disk) 
at 25 "C, but at 800 "C it was fused silica. In both couples the wear was in 
the moderate to low range. 

4. At temperatures of 550 and 800 "C, the oxidation products of the 
IN-718 alloy transfer to the ceramic rub block and provide a thin, solid lubri- 
cant glaze layer which decreases friction and wear of both the monolithic and 
fiber reinforced composites. 

5. The Sic fiber/RBSN composite sliding parallel to the fiber direction 
had lower wear and friction at 25 "C than sliding perpendicular to the fibers. 

12 



6. The carbon fiber/borosilicate glass composite possessed the lowest 
friction and total wear at 25 "C of all the couples studied at this 
temperature. 

7. Wear of the carbon fiber/borosilicate glass composite was almost two 
decades lower than the monolithic fused silica glass at 25 "C. This illus- 
trates the large improvement in tribological properties of ceramics' which can 
be obtained by fiber reinforcement. 

ACKNOWLEDGMENT 

The authors thank Ramakrishna Bhatt for providing the Sic fiber rein- 
forced/RBSN test materials. 

REFERENCES 

1 .  Kaminsky, M.; and Michaels, A.I., eds.: Tribology Project, Energy Conver- 
sion and Utilization Technologies Division, Office of Energy Systems 
Research, Quarterly Progress Report, Jan.-Mar. 1985, TRIB-ECUT-85-2, DOE, 
Apr. 1985. 

2. Bhatt, R.T.: Effects of Fabrication Conditions on the Properties of Sic 
Fiber Reinforced Reaction-Bonded Silicon Nitride Matrix Composites. NASA 
TM-88814, 1986. 

3. Bhatt, R.T.: Mechanical Properties of SIC Fiber-Reinforced Reaction-Bonded 

4. Minford, E.J.; and Prewo, K.M.: Wear Studies of Fiber Reinforced Glass 

Si3N4 Composites. NASA TM-87085, 1985. 

Matrix Composites. 
Nov. 1983. 

UTRC-R83-91674-2, United Technology Research Center, 

5. Prewo, K.M.; and Brennan, J . J . :  High Strength Silicon Carbide Fibre- 
Reinforced Glass-Matrix Composites. J. Mater. S c i . ,  vol. 15, no. 2, 
Feb. 1980, pp. 463-468. 

6. Brennan, J.J.; and Prewo, K.M.: Silicon Carbide Fibre Reinforced Glass- 
Ceramic Matrix Composites Exhibiting High Strength and Toughness. 
J. Mater. Sci., vol. 17, no. 8, Aug. 1982, pp. 2371-2383. 

7. Hornbogen, E.: Description of Wear o f  Materials with Isotroeic and Aniso- 
tropic-Microstructures.. 
p. 477. 

Wear of Materials, K.C. Ludema, ed.', ASME, 1985, 

8. Hornbogen, E.: The Role of Fracture Toughness in the Wear of Metals. 
Wear, vol. 33, 1975, pp. 251-259. 

9. Ishigaki, H., et al.: Friction and Wear of Hot Pressed Silicon Nitride 
and Other Ceramics. Wear of Materials, K.C. Ludema, ed., ASME, 1985, 
pp. 13-21. 

13 



10. L a n k f o r d ,  J . :  Comparat ive Study  o f  t h e  Temperature Dependence o f  Hardness 
and Compressive S t r e n g t h  of Ceramics.  J .  Ma te r .  S c i . ,  v o l .  18, no. 6,  
June 1983, pp. 1666-1674. 

1 1 .  F leming,  J.D.: Fused S i l i c a  Manual,  F i n a l  R e p o r t  AF-40-1-2483, USAE, Eng. 
Exp t .  S t a t i o n ,  Ga. I n s t .  o f  Techn., Sept ,  1964. 

12. Wu, C.C.; R ice ,  R.W.;  and P l a t t ,  B.A.: Wear and M i c r o s t r u c t u r e  o f  Sic 
Ceramics.  Ceram. Eng S c i .  P r o c . ,  v o l .  6, no. 7-8, Ju ly-Aug.  1985, 
p p .  1023-1 039. 

13. Deadmore, D.L. ;  and S l i n e y ,  H . E . :  F r i c t i o n  and Wear o f  S i n t e r e d  A l p h a  Sic 
S l i d i n g  A g a i n s t  IN-718 Al loy a t  25 to  800oC i n  A tmospher ic  A i r  a t  Ambient  
Pressure .  NASA TM-87353, 1986. 

14. Stot t ,  F.H.; and Wood, G.C.: The I n f l u e n c e  o f  Ox ides  on t h e  F r i c t i o n  and 
Wear o f  Al loys,"  T r i b o l .  I n t . ,  v o l .  1 1 ,  no.  4, Aug. 1978, pp. 211-218. 

15. B a r r e t t ,  C . A . ;  G a r l i c k ,  R . G . ;  and L o w e l l ,  C.E.: H i g h  Temperature C y c l i c  
O x i d a t i o n  Data,  Vol. 1 -Turb ine  A l l o y s .  NASA TM-83665, 1984. 

16. F i s c h e r ,  T . E . ;  and Tomizawa, H . :  I n t e r a c t i o n  o f  T r i b o c h e m i s t r y  and M i c r o -  
f r a c t u r e  i n  F r i c t i o n  and Wear o f  S i l i c o n  N i t r i d e .  Wear o f  M a t e r i a l s ,  
K.C. Ludema, ed.,  ASME, 1985, pp.  22-32. 

17. Cranmer, D.C.: F r i c t i o n  and Wear P r o p e r t i e s  o f  M o n o l i t h i c  S i l i c o n - B a s e d  
Ceramics.  J .  Mate r .  S c i . , "  v o l .  20, no.  6, June 1985, pp .  2029-2037. 

14 



M a t e r i a l  

Si3N4 (N) .  hot  
pressed 

Si3N4 ( C ) ,  h o t  
pressed 

Syalon. h o t  
pressed 

SiO2, t r a n s p a r e n t  
fused s i l i c a  

S i c .  s i n t e r e d C  

S i c  f i b e r  r e i n f o r c e d  
r e a c t i o n  bonded 
Si3N4 m a t r i x  

Carbon f i b e r  r e i n -  
f o r c e d  b o r o s i l i c a t e  
g l a s s  m a t r i x  

TABLE 1 - COMPOSITION AND PROPERTIES OF Si-CERAMIC RUB BLOCKS BEFORE TEST 

T y p i c a l  composi t i o n , a  
w t  % ( u n l e s s  o t h e r -  

w i s e  n o t e d )  

Mg 0 . 4  t o  0.6 
A I  .2 t o  .3  
Fe .2 t o  .3  
Ca .006 t o  .03 
Mn .05 
B < ,003 
w 1.5 t o  2 

8y203 

S i  ,N,Al . Y , O  
( S i  88 A I  3 .5 ,  
Y 8 . 5 +  

E < 0.001 ppm 
Ca < 0.005 
C r  IO 
Fe 180 
K < 0.01 
L i  < 0.1 
Mg < 0.005 
Na < 0.01 

S i c  98 
E 0.6 
A1 0.01 
Fe 0.3 
C I  

F i b e r s  a r e  I3 S i c  
w i t h  p y r o l i t i c  
g r a p h i t e  c o r e  and 
c a r b o n - r i c h  coat-  
i n g .  

o f  &U S i  N 
2 3  v o l  % 

M a t r i x  i s  a m i x t u r e  

F i b e r s  a r e  GY70 carbon.  
M a t r i x  i s  7740 boro- 

s i l i c a t e  g l a s s  
(50 v o l  % f i b e r s ) . f  

aVendor a n a l y s i s  u n l e s s  o t h e r w i s e  noted 
b~ = S t r o n g  p a t t e r n .  
U z Weak p a t t e r n .  

:Reference 13. 
P e r c e n t  o f  t h e o r e t i c a l  d e n s i t y  

XRD r e s u l t s '  

Broad-d i f fuse peaks 
c h a r a c t e r i s t i c  o f  
amorphous ( g l a s s y )  
mater  i a1 s 

u S i c  

Machined s u r f a c e  
roughness Ra 

IO t o  15 p i n  
(0.25 t o  0.38 pm 

IO t o  15 p i n  
(0.25 t o  0.38 pm) 

4 t o  5 p i n  
( 0 . 1  t o  0.13 bun) 

10 t o  15 p i n )  
(0.25 t o  0.38 pm) 

IO t o  15 p i n  
(0.25 t o  0.38 pi) 

P e r p e n d i c u l a r  t o  
f i b e r s  20 t o  
25 p i n  ( 0 . 5  t o  
0.62 pm). 

P a r a l l e l  t o  f i b e r s  
20 t o  30 p i n  
(0 .5 t o  0.75 pm). 

20 t o  30 p i n  
(0.5 t o  0.75 pn) 

B u l k  d e n s i t y .  
g/cm3 

3.20 t o  3.25 
-100 o e r c e n t  TDd 

3.25 t o  3.29 
-100 p e r c e n t  TO 

3.20 t o  3.22 
98 t o  99 p e r c e n t  T O  

2.19 t o  2.20 
-100 p e r c e n t  TO 

3 .13 
-97.5 p e r c e n t  TO 

2.42 
( M a t r i x  p o r o s i t y .  

32 p e r c e n t  

2 .05 

V i c h e r s  
hardness a t .  

25"C, kg/mm2' 

1422 $80 
(IO0 g l o a d )  

1320 *IO2 
(IO0 g l o a d )  

1649 + I 0 3  
(200 g l o a d )  

461 i 3 7  
( 5 0  g l o a d )  

2418 ?I80 
(200 g l o a d )  

( - )  

( - )  

eReferences 2 and 3.  
fReference 4. 
gCard i n  ASTM-x-ray powder d a t a  f i l e .  
hBy EDX a n a l y s i s  o f  p o l i s h e d  s u r f a c e .  
iHardness w i t h  s t a n d a r d  d e v i a t i o n .  
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T A B L E  I1 - WEAR AND tKICTION DATA fOR Si-CERAMIC SLIDIN6 COUPltS AI A l O A D  01 
6.8 kg (67 N) AN0 SLIDING VELOCITY OF 0 . 5  m/sec (EXCEPT S I C  

WHICH WAS 0.18 rn/sec) AN0 60 i i i in OF SLIDING 

IN-718 

IN-718 

E l i m e n t  t r a n s f e r  

N i / S i  / N i / S i  
r a t i o  i n  r a t i o  i n  
d i s k  wear r u b  b loLk 

t r a c k  wear s c a r  

Si3N4 ( C )  

Syal on 

N i / S i  

Wedr 
r a t i o  i n  

d e b r i  b 

In-718 

IN-718 

IN-718 

Average 
c o e f f i c i e n t  o f  

f r i c t i o n  a t  
1800 m of  
s l i d i n g  

S i c  f i b e r  - 
RBSN m a t r i x  
( s l i d i n g  par-  
a l l e l  t o  S i c  
f i b e r s )  

Carbon f i b e r  - 
b o r o s i l i c a t e  
g l a s s  m a t r i x  

IN-718 

dear f a c t o r ,  mm3/N-m 

aChromi s p i n e l  - 

S l i d i n g  c o u p l e  

- 
((fe+T/Ni)(te+3/Cr.)2)04 ( r e f .  

Temperature. 
'C 

25 
150 

.- 

Rub b l o c k  

3 . 1 ~ 1 0 - ~  
3 . 8 ~ l O - ~  
1.2x10-6 

8x10-6 

2.2x 1 0-6 
1 . 7 ~ 1 0 - ~  
2 . 9 ~ l O - ~  

5x  1 0-8 

3.1 x 
2 . ~ x I O - ~  
4 . 6 ~ 1 0 - ~  
8 .  2 ~ 1 0 - ~  

2 . ~ x I O - ~  
5 . 1  x 1 0-8 

~ ~ 1 0 - 4  
9 . 4 ~  1 0-6 
6 . 8 ~ 1 0 - ~  
1 . 3 ~ 1 0 - ~  

3 . 4 ~ 1 0 - ~  

2 . 8 ~  1 0-4 
3 . 8 ~  1 0-7 

6 . 2 ~  

4 . 2 ~  1 0-6 

5 .  ~ x I O - ~  
5.2~ 1 0-6 

D i s k  

7 . 7 ~  1 0-6 
4.1 x10-6 
5.nx io-6 

9 .  z X  I 0-5 

7 . 3 ~ l O - ~  

1 . 6 ~ 1 0 - ~  
7 . 6 ~ 1 0 - ~  
1 . 6 ~ 1 0 - ~  

8x  1 0-5 
1 . 4 ~  
7 . 2 ~  
1 . 4 ~ 1 0 - ~  

~ 3 ~ 1 0 - 5  
1.2x10-5 

9 . 2 ~  
5 . 2 ~  1 0-6 
5.  ~ x I O - ~  
6 . 8 ~  1 0-6 

4 . 3 ~ 1 0 - ~  

4 . 5 ~  
1 . 5 ~ 1 0 - 5  

1.4 10-4 

1.8xIo-6 

4.1 x l  0-5 
2 . 6 ~ 1 0 - ~  

na t e r  i a1 m a t e r i a l  

62 
.56 
. 3 4  
.3 

0.08 
.076 
,046 
,083 

.0115 
,0132 
,0075 
,0055 

.014 
,038 
,016 
,008 

.0007 
,0097 

,46  
.I2 
.024 
.017 

---__- _--___ 

----_- 

_-____ 

'.0057 
,0057 

0.05 
0 . 4  
3 . 4  
0 . 1  

I .9 
I .3 

10.3 
20 .5  

I .8 
.6 

8 
3.5 

4 . 3  
15.3 

.07 

.2 
2 . 8  
2.4 

_ _ _ - _ _ _  
_____-- 
_-___-- 

_ _ _ _ _ _ _  

__-__-- 

c177 
177 

14 
14 
11.4 
6.2 

51  
71 
48 
68 

a ( - )  
79 
75 
14 

6.4 
13 

0 . 2 2  
( - )  
( - 1  
1.1 

( - )  

6 . 1  
b .  1 

6.0 

IN-718, 
a l l o y  

IN-718 

&O 
800 

25  
350 
550 
800 

25 
350 
550 
800 

25 
800 

25 
3!50 
5!iO 
800 

25 

25  
800 

25 

25  

25  
800 ____ 

.5 

.35 

.32 

.29 

.46 

.41 

.31 

.27 

.44 

.23 

.32 

.39 

. 32  

.26 

.4a 

IN-718 

Si3N4 (N)  

IN-718 

Fused s i l i c a  

.37 

.25 
SIC f i b e r  - 

RBSN m a t r i x  
( s l i d i n g  per-  
p e n d i c u l a r  t o  
S i c  f i b e r s )  

.20 

.18 

.48 

.31 -- 
~ N O  m a t e r i a l  l e f t  a f t e r  XRD.  
3 A t  648 m o f  s l i d i n g .  
C C a l c u l a t e d  f r o m  meta l  c o m p o s i t i o n .  

I A H l E  111 - XKO RLSULlS OF WEAR DtBRIS FOR Si-CEHAMIC/IN-IIB W t A K  COUPLES 

- 
Components d e t e c t e d  i n  wear d e b r i s  S 1  i d i n g  wear c o u p l e  

800 " C  
__ 

D i s k  350 "C 550 " C  

S p i n e l  (8.30) 
- Rub B l o c k  

S p i n e l  (8.30) IN-718 

IN-718 

IN-718 

IN-718 

IN-718 

IN-718 

IN-718 

Fused s i l i c a  S p i n e l  (8 .30)  

fCC (NiSSJ ( S I  

FCC (NiSS) ( 5 )  
S p i n e l  ( a  - 8.35) ( W )  

N i O o ( i J  

S i c  f i b e r  - 
RBSN m a t r i x  
( p e r p e n d i c -  
u l  a r  s l  i d i  "8) 

Sic f i b e r  - 
RBSN m a t r i x  
(para1 1 e l  
s l i d i n g )  

5 )  

c s  = s t r o n g  p a t t e r n .  
W = weak p a t t e r n .  

dFCC (NiSS) means IN-718 a l l o y  ( t s c e  ,.entered c u b i c  N i  solid s o l u t i o n  ( r e f .  1 5 ) )  
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TEST SPECIMEN 

BELLOWS -' 
C-85-8238 

( A )  PHOTOGRAPH OF LOADING AND Rut! BLOCK SUPPORT. 

\ 
\ 
'\ TO INFRARED 

\. PYROMETER ,- INDUCT I ON 

\ DISK--\ ' '\ \ 

( B )  DISK HEATING SCHEMATIC. 

FIGURE 1. - DOUBLE RUB BLOCK FRICTION AND WEAR TESTER. 

( a )  SYALON. ( b )  S I J N ~ ( N ) .  ( C )  FUSED S I L I C A .  

FIGURE 2. - sm PHOTOMICROGRAPHS OF THE MACHINED SURFACE OF THE si - CERAMIC RUB BLOCKS. (loof GOLD COATED FOR SEM.). 
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( a )  PHOTOMICROGRAPH OF POLISHED AND UNETCHED SURFACE. BLACK AREAS ARE VOIDS. 

1 I TOTAL AREA 

SPOT NODE 

WHITE INCLUSIONS 1 GRAY MATRIX 

MQ 
A I  
S i  
Fe 
W 

( b )  RESULTS OF EDX - NO STANDARD ANALYSIS. 

FIGURE 3 .  - PHOTOMICROGRAPH AND EDX - NO STANDARD ANALYSIS OF FEATURES OF 
S i 3 N 4 ( N ) .  POLISHED AN UNETCHED SURFACE. 

Q 1 . 4  Q 
0.1 1.6 0.1 

96. 6 3 .  97. 
0.2 P 0.2 
3.7 3 4 .  2 . 7  
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ORIGIXAL FAGE IS 
’ OF POOR QUALITY 

TOTAL AREA 

( a )  PHOTOMICROGRAPH OF POLISHED AND UNETCHED SURFACE. BLACK AREAS ARE VOIDS. 

INCLUSION DARKER 
WHITE 1 L I T E  GRAY GRAY MATRIX 

I 

I I i SPOT MODE 

M g  
A I  
S I  
Fe 
Y 
W 

0 
1.7 

92.8 
0.1 
5.3 
0.1 

1 0.7 
2.0 

1 58.5 
0 
0 

38.8 

0 
2 

90.8 
0.7 
5.8 
0.7 

0 
0.5 

97.2 
0 .2  
1.6 
0.5 

( b )  RESULTS OF EDX - NO STANDARD ANALYSIS. 

FIGURE 4 .  - PHOTOMICROGRAPH AND EDX - NO STANDARD ANALYSIS OF FEATURES I N  S i3N4(c) .  
POLISHED AND UNETCHED SURFACE. 
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( a )  PHOTOMICROGRAPH OF POLISHED AND UNETCHED SURFACE. (WHITE AREAS ARE 
INCLUSIONS, BLACK AREAS ARE VOIDS). 

A I  
Y 
S i  

SPOT MODE 

TOTAL AREA WHITE INCLUSIONS VOID 

3.5 0.2 3.9 
8.5 10.8 8.5 
88 89 87.6 

( b )  RESULTS OF EDX - NO STANDARD ANALYSIS. 

FIGURE 5. - PHOTOMICROGRAPH AND EDX - NO STANDARD ANALYSIS OF FEATURES OF SYALON. 
POLISHED AND UNETCHED SURFACES. 

F:LIDING SURFACES 
/ \  

/ 
/ 

/ 
/ 

/ 

\ 
\ 

\ 
SLIDING 

D I RECTI ON 
- 

.. 

FIBERS PERPENDICULAR FIBERS PARALLEL 

FIGURE 6. - S I C  REINFORCED RBSN RUB BLOCK TEST SPECIMEN ORIENTA- 
TION ACCORDING TO FIBER DIRECTION. SLIDING DIRECTION AND SL ID-  
ING SURFACE. 
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FIGURE 7 .  - CARBON FIBER REINFORCED BOROSILICATE GLASS MATRIX 
0/90 CROSS LAMINATE RUB BLOCK TEST SPECIMEN. 
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FIGURE 8.  - COEFFICIENT OF FRICTION OF S i  - CERAMICS SL ID-  
ING AGAINST IN-718  AT 1800 M I N  AIR (AT 6 4 8  M FOR S i c )  
VERSUS TEMPERATURE. 
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r S O L I D  L I N E  I S  LEAST 
\\ SQUARES F I T  TO DATA RUB BLOCKS 

\POINTS 0 sic 
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0 Si3N,,(C) 
V SYALON 
A FUSED S I L I C A  

NOT USED I N  LEAST SQUARE F I T )  

0 
. O l  .1 1 10 100 1000 

N i / S i  RATIO I N  THE RUB BLOCK WEAR SCAR 

FIGURE 9. - I N 7 1 8  ALLOY ELEMENT TRANSFER TO THE RUB BLOCKS 
VERSUS COEFFICIENT OF FRICTION (p)  AFTER SLIDING 1800 M 

AT 6.8 KS (67N) LOAD I N  A IR  (45-60% RH) AT 25-800 OC. 
( 6 4 8  M FOR S i c )  NUMBERS NEAR POINTS ARE TEST TEMPERATURE OC. 

( a )  SEM PHOTOGRAPH. 1 

I ( b )  NITROGEN. 

t c )  OXYGEN. 

( d )  NICKEL. uw 

( e )  SILICON. 

AND SEM PHOTOGRAPH OF WEAR SCAR ON Si3N4(N) 
AFTER SLIDING 1800 M AT 800 OC. (DARK AREA 

FIGURE 10. - L I N E  SCAN FOR 0. N. N i  AND S i  

I N  PHOTOGRAPH WAS CAUSED BY ELECTRON BEAM.). 
(GOLD COATED - 100 ANGSTROMS.) 



GROUND 

t c )  SYALON - 25 "C. 

- e* 

a 
GROUND 
SURFACE 

EAR S 

( b )  S i 3 N 4 ( N )  - 800 OC. 

( d )  SYALON - 800 OC. 

( e )  IUSEI) S I L I C A  - 7 5  "c. ( 1 )  FUSED S I L I C A  - 800 "C. 

FIGURE 1 1 .  - PHOTOMICROGRAPHS OF SI-CERAMIC WEAR SCARS AFTER S L I D I N G  1800 M AGAINST I N - 7 1 8  I N  A I R  AT 0.5 M/SEC AND A LOAD OF 6.8 Kg (67N). 
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V SYALON 
0 S i c  

HIGH 
MATRIX COMPOSITE WEAR 

(FIBERS PARALLEL TO SLIDING)  
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0 S i c  FIBER RBSN 

\ 

2 v 

. x 

0: 0 

i I 
MODERATE 
TO LOW 
WEAR 

VERY LOW 
WEAR 

MODERATE 

WEAR 
10-5 TO LOW 

2 0 0  400 600 800 0 
10-6 

TEMPERATURE. OC 

( b )  WEAR OF IN-718 D I S K .  

FIGURE 1 2 .  - S i  - CERAMIC AND I N - 7 1 8  
WEAR VERSUS TEMPERATURE. 
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FIGURE 13 .  - TOTAL WEAR FACTORS OF RUB BLOCKS + DISK AT 2 5  AND 800 OC. DISK IS 
IN -718  UNLESS NOTED OTHERWISE. 

S i  - CERAMIC 
RUB BLOCKS 

0 S i c  
Si3Nq(N) 

0 Si3N4(C)  
v SYALON 
A FUSED S I L I C A  

I 
v 

/SOLID L I N E  IS LEAST SQUARES 2 1 0 - 5 b & ,  1 ' F I T  TO POINTS FOR N i / S i  RATIO < 1 

2 
ii 25 0 2 5  

25 V 2 5  

0 1 : 7 E h  55%550 5 5 0  //' ,-SOLID F I T  L I N E  TO POINTS IS LEAST FOR 
c U 

\ 
M 
I 
v 

0 
2 10-5 
W U 

SOLID L I N E  IS  LEAST 
SQUARES F I T  TO POINTS 
FOR S i / N i  RATIO > . 0 3  

Y 

'-OUTLIER (POINT NOT USED I N  LEAST * 10-6 23 
SQUARES F I T )  I- U 

U 
a 

U 0 

SQUARES 
Ni /Si  > 1 

9 
W 3 

LOUTLIER (POINT NOT USED IN v800 
LEAST SQUARES F I T )  

4 8 1 2  1 6  
NI/SI RATIO I N  THE CERAMIC RUB BLOCK WEAR SCARS 

FIGURE 14. - IN-718  ALLOY ELEMENT TRANSFER TO THE S I  - 
CERAMIC VERSUS THE WEAR FACTOR OF THE S I  - CERAMIC RUB 
BLOCKS AFTER SLIDING 1800  M AT 6.8 K g  LOAD I N  A IR  AT 
45-60 PERCENT RH AT 25 -800  OC ( 6 4 8  M FOR S I C ) .  
NEAR THE POINTS ARE TEST TEMPERATURES, OC. 
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FIGURE 15 .  - S i  - CERAMIC TRANSFER TO THE IN-781  ALLOY 
DISK VERSUS WEAR FACTOR OF THE S i  - CERAMIC RUB BLOCKS 
- AFTER SLIDING 1800  M AT 6.8 K g  LOAD I N  A IR  AT 45- 
60 PERCENT R.H. AT 25-800 OC ( 6 4 8  M FOR S i c ) .  
NEAR POINTS ARE TEST TEMPERATURES OC. 
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u u 
0.2 I N .  0.2 I N .  

FIGURE 17. - PHOTOGRAPH OF Si3N,,(C) RUB BLOCKS AFTER SL ID ING TESTS. FIGURE 16. - PHOTOGRAPH OF SijN,,(N) RUB BLOCKS AFTER SLIDING TEST. 

ORIGINAL ?AGE I$ 
OF POOR QUALITY 

I I I, 
O , ?  I N .  0.2 I N .  

- PHOTOGRAPH OF FUSE0 S I L I C A  RUB BLOCKS AFTER SL ID ING FIGURE 18. - PHOTOGRAPH OF SYALON RUB BLOCKS AFTER SLIDING TEST. FIGURE 19. 
TEST. 
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TOP VIEW TOP VIEW SIDE VIEW 

I I 
25 OC 25 OC 800 OC 800 OC 

( a )  S ic  FIBERS PERPENDICULAR TO SL ID ING 

I 
25 OC 25 OC 

( b )  S I C  FIBFRS PARA1 L F l  I O  S L I D I N G .  

FIGURE 20. - PHOTOGRPAH OF S I C  ~ I B E R ~ ~ N  RUB BLOCKS AFTER 
SLIDING TEST AGAINST IN-718  I N  A I R  AT 25 AND 800 OC. 
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( a )  SIC FIBER REINFOR 
RBSN - POLISHED ON 
LEVIGATED A1203 - 
BEFORE SLIDING. 

XED 

SLIDING 

FIGURF 71. - PHOTOGRAPHS OF SIC  FIBER RLIdFORCED REACTION - BONDED 
SILICON NITRIDE MATRIX COMPOSlltS BEFORE AND AFTER SLIDING ON 
IN-718  IN AIR WITH S IC  FIBERS PERPENDICULAR TO THE SLIDING SURFACE. 

(b )  WEAR SCAR AFTER 
SLIDING AT 25 OC 
FOR 1800 M AT 67N 
LOAD I N  A IR .  

( C  ) WEAR SCAR AFTER 
SLIDING AT 800 OC 
FOR 1800 M AT 67N 
LOAD I N  AIR. 

( d )  WEAR SCAR AFTER 
SLIDING AT 800 OC 
FOR 1800 M AT 67N 
LOAD I N  A IR .  
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( a )  S I C  FIBER REINFORCED RBSN BEFORE SLIDING. 

( b )  S I C  FIBER REINFORCED RBSN WEAR SCAR AFTER SLIDING FOR 1800 n AT 67N LOAD 
IN AIR AT 25 OC PARALLEL TO FIBER DIRECTION. 

FIGURE 22. - SIC FIBER REINFORCED RBSN COMPOSITE BEFORE AND AFTER SLIDING ON 
IN-718 ALLOY FOR 1800 n AT 67N LOAD AT 25 OC IN AIR. 
TO FIBER DIRECTION. 

SLIDING IS PARALLEL 
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